This work describes in-depth NMR characterization of a unique lowbarrier hydrogen bond (LBHB) between an active site residue from the enzyme and a bound inhibitor: the complex between secreted phospholipase A 2 (sPLA 2 , from bee venom and bovine pancreas) and a transitionstate analog inhibitor HK32. A downfield proton NMR resonance, at 17 -18 ppm, was observed in the complex but not in the free enzyme. On the basis of site-specific mutagenesis and specific 15 N-decoupling, this downfield resonance was assigned to the active site H48, which is part of the catalytic dyad D99-H48. These results led to a hypothesis that the downfield resonance represents the proton (H 12 of H48) involved in the H-bonding between D99 and H48, in analogy with serine proteases. However, this was shown not to be the case by use of the bovine enzyme labeled with specific [
Introduction
Secreted phospholipases A 2 (sPLA 2 ) are small (13 -18 kDa) calcium-dependent lipolytic enzymes that belong to a family of enzymes that catalyze the hydrolysis of phospholipids at the sn-2 ester bond. 1 It was observed from crystal structures that the active site is composed of an Asp-His dyad, which is proposed to couple with the conserved catalytic water molecule to form a catalytic triad analogous to the well-studied serine proteases and lipases (Figure 1(a) ). One notable exception is that the orientation of the imidazole ring in sPLA 2 s and serine proteases/lipases is flipped with respect to each other. A second exception is that in serine proteases it is the syn lone pair of the Asp that accepts a H-bond from His, but sPLA 2 s use the anti lone pair of Asp in forming a H-bond to His. In serine proteases, the catalytic triad consists of Asp, His, and Ser residues, and a proposed lowbarrier hydrogen bond (LBHB) is formed between Asp and His in both free and inhibitor-bound states.
2,3 Since sPLA 2 s also employ the general base mechanism, it would be interesting to know whether such a "LBHB" exists and plays an equivalent role. Two of the sPLA 2 members, bovine pancreatic sPLA 2 and bee venom sPLA 2 , serve as excellent models for investigating such a question, since they have been extensively studied by multifaceted approaches including site-directed mutagenesis, scooting-mode kinetics, X-ray crystallography, and NMR spectroscopy. 1, 4, 5 Hydrogen bonding is a ubiquitous feature in protein structures. Although weak or conventional H-bonds are common in biological systems, a short and stronger type often referred to as a LBHB has been postulated to play a crucial role in enzymatic reactions, particular those that involve a general acid-general base mechanism, by providing substantial stabilization energy (10 -20 kcal/ mol) for the intermediate or transition state. 6 -8 Most of this interest has stemmed from the role of a LBHB in the catalysis of serine proteases, proposed by Cleland & Kreevoy 6 and Frey et al.
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While the unusual role of LBHBs in enzymatic function has been under intensive debate, 9 -13 evidence in support of the existence of LBHB is accumulating. 3, 8 The most commonly used approach to characterize LBHBs in solution has been the observation, by NMR spectroscopy, of several physicochemical properties. The widely accepted features that are commonly associated with LBHBs are: (i) unusual downfield proton NMR resonance at 16-20 ppm, which is considered to be the most distinctive feature; (ii) 2 H/ 1 H fractionation factor , 1.0; (iii) exchange rate protection factor . 10; and (iv) hydrogen bond strength . 7 kcal/mol. 2, 14, 15 Here, NMR spectroscopy has been employed to detect and characterize a possible LBHB in bee venom and bovine pancreatic sPLA 2 s. Our results show that both sPLA 2 s display a downfield proton resonance (17.6 -18 .0 ppm) in the presence of a phosphonate transition-state analog (TSA) (Figure 1(b) ). For bovine pancreatic sPLA 2 , combined use of site-directed mutagenesis and specific isotopic-labeling led to the convincing assignment of this resonance to the H d1 of the catalytic H48. According to crystal structures, 16 -18 H d1 of H48 is engaged in a H-bond with one of the non-bridging phosphonate oxygen atoms in the transition-state analog, rather than with D99 ( Figure 1(c) ). Further analyses demonstrated that this H-bond displays other physicochemical properties similar to Asp…His LBHB's of serine proteases. These results provide new insight to the structure-function relationship of both classes of enzymes. 
Results
Detection of a downfield proton NMR resonance characteristic of a LBHB in sPLA 2 -inhibitor complexes Our initial studies were performed with bee venom sPLA 2 and the transition state analog, MG14, a water-soluble phospholipid analog containing a tetrahedral phosphonate replacing the ester at the sn-2 position (Figure 1(b) ). 16 The crystal structure of the bee venom sPLA 2 -MG14 complex has been solved, and the active site interactions are shown in Figure 1(c) . 17 In the 1D 1 H NMR experiments, a downfield peak at 17.6 ppm and another peak at 14.1 ppm were observed in the spectrum of the bee venom sPLA 2 -MG14 complex but not in the free enzyme (data not shown). In all subsequent studies, the inhibitor HK32 was used instead of MG14 because of availability. HK32 is similar in structure to MG14 except that the sn-1 ether oxygen of MG14 is replaced by sulfur, and the ammonium portion of the polar head group of MG14 is replaced by a hydroxyl group in HK32 (Figure 1(b) ). Downfield peaks were observed with identical chemical shifts for the bee venom sPLA 2 -HK32 and bee venom sPLA 2 -MG14 complexes ( Figure 2 ). Selective 15 N decoupling experiments revealed that the proton at 17.6 ppm is attached to a nitrogen at , 200 ppm and the one at 14.1 ppm is attached to a nitrogen at , 170 ppm (HSQC-type experiments proved futile, most likely due to exchange broadening and/or inherently small transverse relaxation time T 2 values, same as in the NMR work of bovine pancreatic sPLA 2 ). On the basis of previous studies of serine proteases, 2, 3, 19 the NMR results with bee venom sPLA 2 are indicative of a very strong hydrogen bond, i.e. a LBHB.
Since there are seven histidine residues in bee venom sPLA 2 , it is difficult to verify that the above-mentioned downfield resonances are due to the active site histidine. An initial attempt to assign the resonance to hydrogen-bonded proton in the D64…H34 catalytic dyad led to ambiguous results since the resonance was still observable, though very broad, in the D64N-HK32 complex (data not shown). Also, due to severe loss of exchangeable proton signals at pH values above 5.0, and a strong tendency for the protein to precipitate with any change to the buffer system, neither pH titration, nor experiments at higher pH values could be performed. The lowest pH, at which the downfield peaks were investigated and observed, was 3.8, and the highest was 4.8. These problems made bee venom sPLA 2 unfavorable for further investigations and prompted us to switch to bovine pancreatic sPLA 2 , whose solution structure has already been solved by NMR at neutral pH 20 and which contains only two histidine residues. The wild-type (WT) bovine pancreatic sPLA 2 has been shown to be stable against pH and chemical denaturation. 21 Its two histidine residues are located at the active site (H48) and in the C terminus (H115), and the latter could be mutated without affecting the catalytic activity. 22 Like bee venom sPLA 2 , an unusual downfield peak at 18.00 ppm and another peak at 12.67 ppm were observed with bovine pancreatic sPLA 2 upon addition of HK32 at neutral pH and at 285 K. The most downfield peak was absent in the free enzyme (Figure 3(a) ) despite exhaustive search in the temperature range of 275-310 K and the pH range of 3 -10. The peak at 12.67 ppm was also absent in the spectrum of the free enzyme, but another proton resonance appeared at a different chemical shift (13.02 ppm) under acidic conditions (Figure 3 (l) and (m)), which will be addressed later. Since the inhibitor was dissolved in d 6 -DMSO before mixing with the enzyme, a control experiment was also performed to ensure that the observed downfield peaks in the complex did not result from addition of the small amount of d 6 -DMSO (Figure 3(b) ). The two downfield peaks were both shown to arise from nitrogen-attached protons based on observation of a 15 N NMR splitting in jump-return experiments carried out on a uniformly 15 N-labeled WT-HK32 complex sample (Figure 3(c) ). The 15 N chemical shifts were determined to be 171(^2) ppm (Figure 3(d) ) for the peak at 12.67 ppm and 195(^2) ppm for the peak at 18.00 ppm (Figure 3(e) ) by performing a series of continuous wave decoupling experiments with step-by-step increase in 15 N carrier frequency. These observations, like for bee venom sPLA 2 , provide evidence for a LBHB involving a histidine residue in the bovine pancreatic sPLA 2 -HK32 complex.
Specific assignment of the downfield proton resonances
Since the two downfield proton peaks originate from imidazole ring(s) of histidine residue(s), their Low-barrier Hydrogen Bond and Phospholipase A 2 assignments in bovine pancreatic sPLA 2 were simplified by constructing the H115A mutant that contains only the active site H48. As shown in Figure 3 (f) -(h), both peaks were observed in this mutant upon addition of the inhibitor with virtually identical chemical shifts and 15 Ndecoupling behavior as for the WT-HK32 complex. Consequently, they were assigned to proton(s) attached to the imidazole ring of H48. For serine proteases (Asp-His-Ser catalytic triad) and a recently reported bacterial phosphatidylinositolspecific phospholipase C (PI-PLC; Asp-His catalytic dyad), the low-field 1 H NMR signal (16 -20 ppm) has been attributed to the proton that is engaged in hydrogen bonding between the b-carboxylic group of Asp and the imidazole N d1 of His at the active site (Figure 1(a) ). 2,23 -25 It was thus tempting to assign the peak at 18.00 ppm to the H
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, which bridges H48 and D99 in the case of bovine pancreatic sPLA 2 , an assignment that appeared to be supported by the absence of this peak in the experiments performed with the D99N and H48Q mutants (spectra not shown Figure 4) show that the wild-type sPLA 2 -HK32 complex displays a fractionation factor of 0.62(^0.06), indicative of a relatively strong hydrogen bond. 15,27 -29 (ii) An Arrhenius plot of the temperature effect on the observed linewidth (Dn 1/2 ) of the downfield proton resonance in the wild-type sPLA 2 -HK32 complex yielded a k ex , 83 s 21 at 285 K and , 237 s 21 at 298 K. k intrinsic was estimated to be approximately 10 4 at pH 6.0, yielding an exchange rate protection factor of . 100 at 285 K, and . 40 at 298 K ( Figure 5 ). 
Determination of the pK a change of H48
Formation of a LBHB is also characterized by a change in the pK a of the donor and the acceptor. 15, 30 Here, the pK a for the free enzyme was obtained by following the chemical shift change of 
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]H48 disappeared around pH 6.0, likely broadened out due to an intermediate proton association/dissociation process. Furthermore, when pH is # 3.5, the cross-peak of
]H115 split into two peaks: one corresponds to the native protein (gradually disappeared at lower pH), and the other to a random coil (this observation is consistent with the previous suggestion that denaturation of this enzyme at acidic pH starts at the region close to the C terminus 21 ). In spite of these problems, the NMR data were of sufficiently high quality to be fitted to a one-proton titration curve, and pK a values of 5.7(^0.1) and 6.2(^0.1) were obtained for the imidazole rings of H48 ( Figure 6 (a)) and H115 ( Figure 6(b) ), respectively.
The pK a of H48 in the WT-HK32 complex was measured by monitoring changes in the peak Low-barrier Hydrogen Bond and Phospholipase A 2 intensity rather than the chemical shift of the H d1 resonance, because the free enzyme and enzymeinhibitor complex are in slow exchange on the NMR timescale. The experimental data can be nicely fit to a one-proton titration curve, and the pK a of H48 was found to be elevated to 9.0(^0.2) (Figure 6(c) ). Therefore, in contrast to the free enzyme, H48 should be protonated at neutral pH when in the complex with inhibitor.
Active site histidine is partially positively charged in the sPLA 2 
-HK32 complex
It has been suggested that in chymotrypsin and subtilisin complexes with inhibitors the active site histidine is only partially charged (between 0.5 and 1.0) due to the depolarization of LBHB, 2, 3, 25 as if the bridging proton is partially (about 20 -30%) transferred from the donor (active site His) to the acceptor (active site Asp). However, the only experimental evidence presented is the Here we present a more comprehensive analysis of both imidazole NH chemical shifts in comparisons with those in free enzyme as well as in model compounds, which strongly supports a partially positively charged H48 in the sPLA 2 -HK32 complex.
In the previous NMR structural work of free bovine pancreatic sPLA 2 carried out at 310 K, neither H d1 /H48 nor H 12 /H48 could be observed. 20 In the present work, when the temperature was lowered to 285 K, a cross-peak was clearly detected at 11.46 N when the sample was titrated to pH 5.1 (Figure 7(b) ). The proton resonance at 13.02 ppm has been mentioned above (Figure 3 Figure 7 (c)), accompanied by the appearance of the most downfield proton resonance at 18.00 ppm. The peak in Figure 7 (c) can be assigned to the protonated form of the sPLA 2 -HK32 complex since the pH dependence studies described above indicate that the complex is protonated at pH 7.1. Upon titration toward the basic direction, the peak decreases in intensity and a new peak at the position identical to that of the peak in Figure 7 (a) appears (Figure 7(d) and (e) ). These observations suggest that the protonated complex is in slow exchange with the deprotonated free enzyme, although it cannot be ruled out that the inhibitor remains bound to the deprotonated enzyme and the chemical shift of H 12 /H48 in the complex and the free enzyme are coincidentally the same. As shown in Figure 7( (Figure 7(a) -(c) 31 In the sPLA 2 -HK32 complex, the corresponding average ]H48 resonance that significantly deviates from the typical value of , 176 ppm for an imidazolium ion. This is consistent with the proposed LBHB formed between N d1 /H48 and the phosphonate oxygen of the inhibitor.
Discussion
Existence of a LBHB between H48 and inhibitor Here, the use of single 15 N-labeled histidine led to the unequivocal assignment of the downfield proton to H d1 /H48, the proton that is bridging the active site His side-chain and a non-bridging phosphonate oxygen of the inhibitor. To the best of our knowledge, the only other example in which specific [ 15 N]His has been used in the assignment of the downfield resonance (16 -20 ppm) in protein NMR is that of a-lytic protease. 23 The results of the present study raise concern about assignment of downfield NMR peaks solely based on sitedirected mutagenesis experiments or by simple comparison with serine proteases, which is commonly adopted by others. 24, 25, 32, 33 Even among serine proteases, it has been reported that the prolyl oligopeptidase family exhibits important dissimilarities in the active site compared to the pancreatic and subtilisin classes of serine proteases. 34 In the case of the prolyl oligopeptidase, non-catalytic histidine imidazole ring-attached protons are engaged in relatively strong hydrogen bonds based on the observation that their downfield chemical shifts are virtually independent of pH up to pH 9.5. 34 Furthermore, while in most situations a LBHB involves a carboxyl group from Asp and Glu residues, 35 our results indicate that this is not always the case. Conclusive assignment of the downfield proton resonance, to the specific His residue as well as to the specific ring nitrogen in our case, is important for the interpretation of experimental results.
The results reported here strongly suggest that in the bovine pancreatic sPLA 2 -HK32 complex the H d1 of His48 is involved in a LBHB, whereas H 12 of His48 is engaged in a normal hydrogen bond. Both NMR studies 20 and the recent 0.97 Å ultrahigh resolution crystal structure 36 of free bovine pancreatic sPLA 2 show that H48 and D99 form a H-bond involving the N 12 of the imidazole ring. Taken together, we conclude that the LBHB is formed between H48 and the inhibitor. Another possibility to explain our NMR results is that the imidazole ring of H48 rotates 180 degree around the C g -C b bond upon addition of the inhibitor, 37 such that N d1 forms a H-bond with D99 in the complex. However, such a possibility is unlikely for the following reasons. (i) X-ray structures of several sPLA 2 -inhibitor complexes do not reveal imidazole ring flipping. 16 36 which is too far apart for a H-bond. Thus, the N d1 atom of H48 likely forms a hydrogen bond only with the transition-state analog. Although the presence of a LBHB between a catalytic residue(s) and substrate/inhibitor has also been suggested in other systems, 33,40 -42 our results are the first to indicate its existence in an Asp-His system and the first to be demonstrated convincingly by NMR. Furthermore, out results suggest that one should pursue the possible existence of a LBHB with binding of a transition state analog, even if it is clearly absent in the free enzyme.
The crystal structures of sPLA 2 -MG14 complexes show that one of the non-bridging phosphonate oxygen atoms forms a hydrogen bond with the N d1 atom of the active site histidine as shown in Figure 1(c) . 16 -18 While such bond lengths were found to be 2.62 Å and 2.81 Å , respectively, for the crystal structures of two bovine pancreatic sPLA 2 -TSA complexes and bovine pancreatic sPLA 2 -inhibitor complex, 18, 39 it is possible that the bond length falls into the LBHB category, that is 2.5 , d , 2.6 Å , 14, 15 considering that the R-factors are 0.184 (resolution 1.89 Å ) and 0.180 (resolution 1.96 Å ), respectively.
Strength of the LBHB in the sPLA 2 -TSA complex
Since the first proposal of LBHB in enzyme catalysis, two key issues have been under intensive debate. The first is whether the spectroscopic evidence, as described here and in many other papers, is sufficient for concluding the existence of LBHB. The second issue is the bond energy of the LBHB and how much it contributes to the catalysis of each specific enzyme. To date, the spectroscopic evidence has been largely accepted. However, experimental and theoretical data bearing on the Low-barrier Hydrogen Bond and Phospholipase A 2 contribution of LBHB to enzyme catalysis varies greatly. The energy of LBHB has been suggested to be as large as 10 -20 kcal/mol, and rate enhancements as much as five orders of magnitude have been proposed. 2, 3, 6 On the other hand, Warshel et al. 10, 11 and Guthrie 12 have argued that evidence for short bond lengths of LBHBs in enzymes does not imply an unusually strong bond nor does the presence of a LBHB mean it has an important role in catalysis.
The bond strengths of LBHB have been estimated from the change in pK a of the donor (increase) or acceptor (decrease), relative to the pK a values for these species under conditions in which they are not engaged in a LBHB. 15, 30, 43 This is illustrated with the aid of Figure 8 . As shown, H48 can be in the protonated or non-protonated form, and enzyme in either protonation state can be bound to TSA (HK32). Under the assumption that the only difference in energetics between the complex of neutral H48 enzyme with TSA and the complex of protonated H48 enzyme with TSA is that the latter involves a LBHB between protonated H48 and phosphonate oxygen whereas the former does not contain a hydrogen bond between neutral H48 and phosphonate oxygen, the free energy change for the formation of the LBHB is given by
where the equilibrium constants are defined in Figure 8 . Note from Figure 8 that in the absence of bound TSA, H48, protonated or not, forms a hydrogen bond with water and this water is displaced into bulk solution when TSA binds to the active site. Thus, the above equation also assumes that the hydrogen bond between a water molecule and neutral H48 has the same strength as the hydrogen bond between protonated H48 and water. Although this assumption may not be true, the difference in H48 -water hydrogen bond strengths is presumably small compared to the strength of the LBHB, if in fact the LBHB is unusually strong. Here we have shown that in the absence of TSA, p E K a ¼ 5.7. In the presence of HK32, we suspect that the observed pK a is an apparent value because the NMR evidence suggests that deprotonation of H48 is accompanied by dissociation of HK32 from the enzyme as described in Results. In principle we could determine whether the pK a of H48 remains invariant with increasing concentrations of HK32; however, this is not feasible because the critical micelle concentration of this inhibitor is in the micromolar range. If sPLA 2 with neutral H48 is fully bound to HK32, one obtains DG formation ¼ 4.5 kcal/mol on the basis of p E K a ¼ 5.7 and p EI K a ¼ 9.0. This is a lower limit estimate for the strength of the LBHB. As described in Results, we know from the pH titration of enzyme in the presence of inhibitor that half of the downfield NMR signal from the LBHB remains when the pH is increased to 9.0 (i.e. 50% of the total enzyme is in the form of the complex between HK32 and H48-protonted enzyme at pH 9.0). Using the known values of the proton concentration (at pH 9.0), the total concentration of protein, and the total concentration of inhibitor, EI K a can be calculated by solving the appropriate simultaneously equilibrium equations E K d is the equilibrium constant for the dissociation of TSA from enzyme containing H48 in the imidazole form, and EH K d is the corresponding value when H48 is in the imidazolium form.
E K A is the equilibrium constant for the dissociation of the proton from the imidazolium enzyme, and EI K A is the corresponding value when TSA is bound to the active site of the sPLA 2 . For this closed thermodynamic box, Due to the relatively weak strength, the "LBHB" referred to in this work should really be considered just as a "strong hydrogen bond" instead of a LBHB.
Possible functional roles of the LBHB in the catalytic mechanism of sPLA 2
The mechanism for sPLA 2 catalysis involving an Asp…His…H 2 O catalytic triad (or Asp…His dyad) was first proposed in 1980 based on structural comparison of free enzymes with serine proteases. 44 Further evidence for their mechanism comes from the X-ray structures of sPLA 2 complexes with transition-state and substrate analogs for three of the four sPLA 2 classes. 16, 17, 38, 45 In this mechanism, the conserved catalytic water, which is found in all high-resolution crystal structures of free enzymes and sits adjacent to the active site histidine residue, is deprotonated by the histidine and attacks the carbonyl carbon of the sn-2 ester of the phospholipid substrate. The phosphonate transition-state analog was designed to mimic the tetrahedral intermediate formed during esterolysis, and the non-bridging phosphonate oxygen involved in the LBHB formation mimics the attacking hydroxyl group, the catalytic nucleophile. The fact that during the catalysis the catalytic histidine as well as the attacking nucleophile is buried in the enzyme's interior and devoid of hydrogen bonds to solvent 45 provides a favorable condition for potential LBHB formation between these two groups. Since the downfield proton was not observed in free sPLA 2 but arises upon addition of the transition-state analog, stabilization energy released from the formation of a LBHB may stabilize a reaction intermediate or the transition state, thus lowering the activation barrier of the esterolysis reaction. On the other hand, it is important to keep in mind that even though the HK32 here is a good transition state analog, the pK a of phosphonate is different from that of the actual transition state structure, which is proposed to be a calcium-bound gem-diolate (HO -C -O· · ·Ca) þ1 . Since formation of LBHB depends critically on the pK a of the hydrogen bond donor and the pK a of the conjugate acid of the hydrogen bond acceptor, the conclusion derived from the use of phosphonate analogs could differ from that of the actual reaction involving natural substrates.
The importance of a H-bond between H48 and the substrate in the enzyme mechanism has also been implicated in inhibition studies of other sPLA 2 . 38, 46 It was reported that the substrate analog with an amide functional group in place of the sn-2 ester displays stronger binding affinity for sPLA 2 from cobra venom at basic pH, whereas a phosphonate transition-state analog binds most effectively at acidic pH. 46 These results are consistent with X-ray structural studies showing that the amide inhibitor donates its amide NH to the non-protonated N d1 of the active site histidine, 38 whereas the phosphonate oxygen accepts a H-bond from the protonated N d1 .
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Comparison with serine proteases
Although the location of the LBHB is clearly different between the two types of enzymes, the spectroscopic properties for the LBHB of sPLA 2 reported above are largely the same as those of the LBHB of serine proteases. One notable difference is that the pK a of the active site histidine changes from 5.7 in free sPLA 2 to 9.0 when it is bound to the TSA, which is somewhat smaller than the corresponding changes in serine proteases (from 5.8 to 11-12). 30, 47 Qualitatively, these results suggest that the strength of the LBHB in sPLA 2 is weaker than that in serine proteases by ca 2-3 kcal/mol.
In the case of serine proteases, the contribution of LBHB to catalysis is often estimated from the decrease in k cat /K m (by a factor of ca 10 5 ) when the active site Asp is mutated to Asn or Ala. 14, 15 It is important to note that this loss cannot be attributed entirely to the loss of LBHB. In the case of trypsin, it has been demonstrated that in the crystal structure of the D102N mutant the tautomeric form of the His residue is reversed. 48 Thus a substantial fraction of the loss of activity is likely to be caused by the change in the tautomeric form of the His residue. Consistent with this interpretation, a recent report has concluded that the LBHB is not an inherent requirement for substantial rate enhancement for subtilisin BPN 0 , since mutation of the active site Asp32 to Cys leads to a modest eightfold decrease in k cat /K m compared to that of the WT enzyme. 49 Interestingly, the crystal structure of the D99N mutant of bovine pancreatic sPLA 2 shows that the carbonyl group of the N99 side-chain remains H-bonded to N 12 of His48 as in WT sPLA 2 , therefore maintaining the tautomeric form of H48, 50 which is in contrast to the observation in the corresponding Asp to Asn mutation in trypsin. 48 Thus, the active site structure is likely little perturbed in the D99N mutant of sPLA 2 . This is in agreement with the observation that the LBHB could still be observed in the D64N mutant of bee venom sPLA 2 . It is not clear why the 18 ppm peak was not detectable for the D99N mutant of bovine sPLA 2 in complex with the transition state analog (data not shown); however, the negative result may not necessarily suggest the absence of LBHB. These results together can explain that various functional properties of the Asp-to-Asn mutant of PLA 2 are only modestly perturbed. For example, substitution of D99 with asparagine only resulted in a 20-fold decrease in k cat relative to WT bovine pancreatic sPLA 2 , 50 and the corresponding decrease for bee venom sPLA 2 is 50-fold. 5 One might wonder why a LBHB forms between the Asp and His of serine proteases but not between the corresponding pair of residues in sPLA 2 . A possible reason is the difference in structural arrangement of the Asp-His pair in these two classes of enzymes. In serine proteases, the H d1 of the active site His donates a H-bond to the syn lone pair of the Asp, whereas sPLA 2 s use the anti lone pair on the Asp to accept a H-bond from the H 12 /His. Gandour has provided strong evidence that the syn lone pair of a carboxylate is more basic than the anti lone pair. 51 In serine proteases, the use of the syn lone pair (Figure 1(a) ) may allow more transfer of the H d1 His proton toward the carboxylate oxygen, since the pK a of the conjugate acid of the syn lone pair protonated Asp is closer in magnitude to the pK a of the imidazolium. This may contribute to the observed LBHB formation. In sPLA 2 , the pK a of the anti lone pair protonated Asp may be far enough below the pK a of the imidazolium (the sPLA 2 Asp pK a is not known) such that the proton is much closer to the His N 12 than to the carboxylate oxygen, resulting in a normal H-bond.
Conclusion
The two classes of hydrolases, sPLA 2 s and serine proteases, utilize similar active site architecture (though with notable differences) and employ a general-base mechanism. Both contain a LBHB in their active sites; however, the site of formation of the LBHB is different. While the LBHB is formed between the catalytic Asp and His residues in serine proteases for both free and inhibitor-complexed forms, it is between the catalytic His residue and a non-bridging phosphonate oxygen of a bound transition-state analog in the case of sPLA 2 . Our data do not provide support for an unusually strong hydrogen bond strength (i.e. . 10 kcal/ mol) for this LBHB. The LBHB is not observed in free sPLA 2 . The normal H-bond between the active site Asp and His in sPLA 2 may serve to fix the orientation of the histidine imidazole ring. 5, 20 Materials and Methods
Materials
Bovine pancreatic sPLA 2 was over-expressed in Escherichia coli strain BL21(DE3)[pLysS] carrying the pET25b-(m)-prosPLA 2 plasmid and purified as described. 52 H115A was constructed by site-directed mutagenesis using the Quickchange method (Stratagene) with pET25(m)-prosPLA 2 as template. Oligonucleotides used were ordered from IDT Inc. (Coralville, IA), and the sequence (complementary set) was as follows: 5 0 -CCT TAT AAC AAA GAA GCC AAG AAT CTT GAT AAA-3 0 . The H115A mutant was found to be relatively unstable and only low yields, in comparison with WT, were obtained. The preparation of isotope-labeled samples was achieved essentially as described 52 Bee venom sPLA 2 was produced by refolding E. coli inclusion body protein as described. 53 The phosphonate transition-state analogs, MG14 and HK32, were synthesized as described. 16, 54 NMR experiments on bee venom sPLA 2 1D 1 H NMR experiments were carried out on a Bruker DRX-500 spectrometer at 298 K using a jump-return sequence for solvent suppression. 55 The NMR samples contained 0.1 -0. 4 Since narrower linewidths were obtained around 285 K, which in turn improved the signal-to-noise ratio, NMR experiments were carried out at 285 K on a Bruker DMX-600 spectrometer, unless otherwise stated. The jump-return method 55 was used to suppress the water signal with the carrier frequency set on the water signal and the delay between the pulses optimized to achieve maximum excitation at 15 ppm. Selective 15 N decoupling was achieved by applying low power (25 dB) on the 15 N channel with the 15 N carrier frequency set to a desired value. Data were processed using the XWINNMR software (Bruker). Typically zero-filled and window multiplication were applied prior to Fourier transformation. 1 H chemical shifts were calibrated against the external standard 2,2-dimethyl-2-silapentane-5-sulfonate (DSS), and 15 N chemical shifts were referenced to liquid NH 3 .
Fractionation factor determination on bovine pancreatic sPLA 2 The fractionation factor for the downfield peak was determined by conducting jump-return experiments on regular WT samples dissolved in H 2 H 2 O mixture, f is the fractionation factor of the measured proton, I is the relative peak intensity normalized to an upfield methyl resonance (an internal reference) at a given x, and I max is the maximal intensity when x equals 1.0.
Determination of the proton exchange rate and protection factor in bovine pancreatic sPLA 2 The proton exchange rate of the downfield peak with solvent was determined based on the temperature dependence of the linewidth of this resonance in 1D 1 H NMR spectra. The regular WT sample was equilibrated in the probe for at least 15 minutes before acquisition at each experimental temperature (272.5-308.5 K), which has been calibrated with neat methanol as described elsewhere. 15 Duplicate experiments were performed to ensure consistency of the data. The data were fitted to the following equation 15 with the use of SigmaPlot software (SPSS Inc.):
where Dn 1/2 is the linewidth at a given temperature; E ex and C ex are the activation energy and Arrhenius coefficient, respectively, for the proton exchange process, and E d and C d are the corresponding set associated with the dipolar contribution. The pseudo-first-order exchange rate at temperature T was calculated as follows:
The protection factor was calculated as k intrinsic over k ex , in which k intrinsic , the pseudo-first-order exchange rate in the absence of hydrogen bonding, can be estimated from the experimental conditions as described by Mildvan et al.
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Determination of the pK a of H48 One-dimensional 1 H jump-return experiments were conducted on a regular WT sample in the presence of HK32 upon pH titration (pH 4.8 -12.0). 30 Care was exercised to minimize the loss of sample, and small volume changes were taken into account for correction. The pK a of H48 in the complex was obtained by fitting the titration data to the following equation:
where I obs is the relative peak intensity of the downfield peak at a given pH, and I o is the maximum relative peak intensity at low pH (normalized to 1.0).
